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The object  of t h i s  work was t o  study'the so lu t ion  proper t ies  of t h e  d i  and 
r 

tri block copolymers of polybutadiene (PB) with polystyrene (PS) and o ther  v inyl  

aronat ic  polymers (PVAr). The vinyl  aromatic polymers of  p a r t i c u l a r  i n t e r e s t  t o  

i 

t h e  J e t  Propulsion Laboratory were poly 1-vinyl naphthalene, poly 2-vinyl naph- 

thalene,  and polyvinyl biphenyl. 

t i ga t ed ,  if a t  all, and t h e  da t a  therefore  are not complete. 

t o  study t he  copolymers without knowledge of t h e  parent polymers, we found it 

necessar j  first t o  study i n  d e t a i l  the solut ion proper t ies  of PVAr's. 

are summarized i n  t h e  attached abstract  e n t i t l e d  "Conparative Studies  of t h e  Solution 

Fropert ies  of Vinyl Aromatic Polymers". 

Western Regional Meeting of t h e  ACS in Anaheim i n  October, 1.967. 

be submitted t o  t h e  publisher i n  t h e  near future .  

Their solut ion proper t ies  have seldom been inves- 

As it is meaningless 

The r e s u l t s  

The paper has been presented at t h e  Third 

The f u l l  t e x t  w i l l  
- ------_- -__ 

- -. 

Due t o  grea t  d i f f i c u l t i e s  i n  t h e  copolymerization of  PVAr's with PB, w e  d id  

not receive t h e  samples for t h e  study of block copolymers of t h i s  type, and there- 

fore  further work w& devoted exclusively t o  t h e  inves t iga t ion  of t h e  solution '* 

proper t ies  of t h e  PS + PB d i  a n d t r i b l o c k  copolymers. 

For t h e  study t h e  t h r e e  solvents chosen were those which at 34.2OC are e i t h e r  

good solvcnts  f o r  both t h e  PS and PB block, or  8 good solvent for one while a 

near O-solveE: f o r  the other .  The r e su l t s  of these  s tud ie s  a r e  summarized i n  a 

paper e n t i t l e d  "The Solution Properties of Polystyrene - Polybutadiene Block 

Copolymers", which w i l l  be presented a t  t h e  ACS Neeting i n  San Francisco i n  March, 

1968. The t e x t  has been sent  t o  Polyncr Preprints ,  as required,  

F ina l ly ,  as a r e s u l t  of t h e  s t u d j  of  polystyrene - polybutadiene block copoly- 

mers we developed a new t h e o r e t i c a l  approach t o  t h e  so lu t ion  proper t ies  of block 

copolymers i n  general. This new theory is discussed i n  d e t a i l  i n  t h e  l a s t  paper, 



. summary-2 

which is  e n t i t l e d  "Polymethylmethacrylate - Polystyrene Block Copolymers i n  Solution" 

I n  t he  paper we  show t h a t  t he  theory is applicable t o  t h e  systen, 

long range polymer - polymer parameter with the  t . ac t ic i ty  of t h e  polymethylmetha- 

crylate blocks shows c lea r  correlation. This explains the confl ic t ing reports on 

the solution propert ies  of t h i s  copolyner and ends the low lasting confusion. 

Comparison of t h e  

I 
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CONF'ARATIVE STUDIES OF THE SOLUTION PROPERTIES OF 
+* mw., AROEUTIC P O L F ~ S  

* 
L. Utracki and R. Simha 

Department of Chemistry, University of Southern California 

Los Angeles, California 90007 

' ABSTRACT 

The solution properties of three vinyl aromatic polymers (PVk) ,  poly-l- 

vinylnaphthalene (PlvN) , poly-2-vinylnaphthalene (P2VIl) and polyvinylbiphenyl 

(PVB), were studied. The character is t ics  of the  anionic samples a re  shown i n  

Table I. 

permeation chromatography (GPC) at Stanford Research Ins t i tu te .  

The Nw's and the  heterogeneity r a t io s  Xw/Mn vere determined by ge l  
' 

The following experiments were car r ied  out: I. The [n] measurements . in 

benzene i n  the  temperature range of 20-75'C; 11. Different ia l  scannine calor i -  

meter thermograms i n  the  temperature range of 0-230'C and scanning r a t e  range of 

0.625-8oo~/min. ; 111. The v iscos i t ies  of low concentration benzene solutions o f  

PVAr and polystyrene samples (PSI in  a sealed viscometer i n  the  temperature.ranqe 

of 5-80'C; I V .  X-ray d i f f rac t ion  spectra for  PlVN and P2vPT smples ;  V. EX!? spectra  

of concentrated C C l b  solutions of P2VN i n  t h e  temperature range of 13-8OoC.  

I n  a separate se r i e s  of measurements, the  s t ab i l i t y  of PVAr has Seen checked. 

We found t h a t  t he  polymers a r e  re la t ive ly  stable at  roon temperature. 

yY This work was supported by a contract (No. 951836) between the  J e t  Propulsion 
Laboratory and t h e  University of Southern California. 

* Present Address: Department of Chemistry, University of Manchester, :!anChester 
13, England. 0 
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I n  Table I we shov [ n f  and Huggins constant data  for  all samples. I n  a l l  

cases [n] diminishes u i th  '7. 

'4 4 6 ' ~  has been noted. 

For PPi-benzene an q s v i n g  of the  r e k t i o n  at 

In  order t o  study t h i s  phenomenon more closely a 
t2 1 

sealed viscometer has been constructed i n  which t h e  eff lux times of P'lhr and 

PS solutions have been recorded everj  5 O C  from 5 O C  up t o  8ooc and bac!c. fi.s the  

changes i t s  value a t  t 2 20 and 1 resu l t  we found t h a t  (3lnq /aT) sp c=const. 
t2 2 5OoC for  a l l  these systems. ?Text we turned t o  study the  YVF spectra 

0 fo r  P2VN-68. The tl and t2 t rans i t ions  have been recorded here on the .plot of 

spin-spin relaxation t i m e  T' vs. temperature and on the ? lo t  of  t h e  r a t i o  of 2 

the population of H and H nuclei t o  H On the  basis of these measure- a 6 Aromatic 
ments w e  were able t o  conclude that  the  t t rans i t ion  i s  associated with recon- 

f igurat ion of la rge  pa r t s  of the  macromolecule, whereas t 

reconfiguration of t h e  r e l a t ive  position of naphthalene rings i n  respect t o  the 

1 
i s  associated v i t h  2 

=CH2 groups of adjacent chains. 

s p a t i a l  distances of 1.94 A and 4.1 A, i n  accord with Xatta'sl 3, hel ix  model 

f o r  this  polymer. 

The X-ray d i f f rac t ion  syectra for  ?lT4Tl indiceted 
0 0 

0 
For P2vM only 1.94 A spacing w a s  v i s ib l e  as the  amorphous 

band w a s  very strong. 

from N I B  data , AF = 23*7 kcal/mol. i s  of  the  order of magnitude observed f o r  

t he  order-disorder t r ans i t i on  . There a re  indications i n  the  l i t e r a t u r e  t h a t  

The activation energy of t he  t2 t r ans i t i on ,  as calculated 

2 

3 4 

0 at temperatures similar t o  those for PVAr (t, '& 40-70°C) similar t rans i t ions  

have been observed f o r  a number of polymers, such as polystyrene, polpethanetha- 

c ry la te ,  polyethylene, polypropylene, etc.  It seems t o  be reasonable t o  a s sme  

t h a t  t h e  t, t r ans i t i on  i s  associated with the  same energy ba r r i e r  of the  main 

-C-C- chain, compensated by the  thermal energy I i ( t  + 273). 2 

From the  [Q] data  using the  Stoclanayer-Fixman relat ion5 we calculated t h e  

short and long range interact ion paraneters A and B and t h e i r  temperature de?en- 

b 
r- - 
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dence as well. The p lo t  of A vs. t f o r  a l l  th ree  PVAr systems showed a t r ans i t i on  

at t2 2 40-6OOC. 

Af is  a value of t h e  A parameter f o r  a f ree ly  ro ta t ing  model) a t  t = 3OoC a r e  

shown i n  Table I1 along with t h e  values o f  the  derivative (dlnA / d t )  i n  two 

ranges of temperature. The B values f o r  P2VN and PVB analyzed according t o  the  

re la t ion  B = Bo(l - O/T) gave unreasonably high values for  0 and lov values fo r  

Bo. 
magnitude. 

The values of the conformational parameter u = A/AZ (where 

2 

Only the  parameters f o r  PlVN (shown i n  Table 11) were of t he  usual order of 

This may be due t o  aggregation i n  the  P2VN and PVB systems. 

Finally,  i n  Table I1 we show t h e  values f o r  t h e  molecular volume of t he  
6 It has been observed tha t  the  u ' s  fo r  

and t h a t  the slope 

pendant group f o r  each of our polymers. 

a homologous se r i e s  of  polymers are a l i nea r  function of V 

of th i s  r e l a t ion  (du/dVx) is constant f o r  all ser ies .  

X '  

The data  presented i n  

Table I1 follow t h i s  rule .  
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nur,E: 11 

Unperturbed dimensions o f  ?VAr and PS i n  benzene. 

P o l p e r  U 30 (dlnA2/dt ) * l o 3  ~ ~ ~ 1 0 ~ 7  cm3 0 OC: v X 

2 t < t2 t > t  

Plvn 2.45 -1.51 

P2VIJ 2.39 -1.29 

Pva 2.62 0.01 

PS 2.20 -1.8 - +0.6 

-3 21 1.22 -89 137 

- 137 -0.13 - 
- 180 1.33 - 

4.72 -173 90 - 
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THE SOLUTION PBOPERTIES OF I 

POLYSTYREEE - POLYBUTADIEZE BLOCK COPOLYMERSt 

Lechoslaw A. Utracki% and Robert Simha*+ 
t 

Department of Chemistry 

Unlversity of Southern California,  Los AnSeles, Cal i fornia  90007 

ABSTRACT 

The d i l u t e  solut ion v iscos i ty  and osmotic pressure measurements were conducted 

on polysytrene (PS) , polybutadiene (PB) , polystyrene-polybutadiene (SB) diblock 

copolymer and polysytrene-polybutadiene-polystyrene (SBS ) t h ree  block copolymer. 

Samples were anioniely polymerized i n  such a way t h a t  t h e  molecular weight of t he  

PS block was kept constant (%lO,OOO), while the molecular weight of t h e  PB block 

var ied from 18,000 t o  450,000, 

34.2OoC. 

f o r  PS as w e l l  as f o r  PB, dioxane, which i s  a good solvent f o r  PS and near-0- solvent 

for PB, and cyclohexane, which is nearly a 0-solvent f o r  PS and a good solvent  f o r  PB. 

In order t o  check the compositions of SB and SBS, UV spec t ra  were taken of t h e i r  

so lu t ions  i n  CHCl 

of SB and SBS are s imilar ,  Their i n t r i n s i c  v i s c o s i t i e s  and second v i r i s l  coef f ic ien ts  

can be calculated from t h e i r  chcmical com.rrositions, p roger t ics  of parent polymers, 

a d  values of  t h e  in te rac t ion  parameter between s tyrene and butadiene u n i t s  (FsB)* 
The magnitude of zsB varies  with the  solvent, due t o  r e su l t i ng  configurational changes 

of t h e  blocks (i.e.,  number of intersegmental contacts) ,  

randomly coi led and t h e i r  domains overlap t o  a grea t  extent. 

The measurements were ca r r i ed  out  at a temperature of 

For t h e  study t h r e e  solvents were se lec ted?  toluene,  which i s  a qood solvent 

The v iscos i ty  and osgotic gr.-ssUrc rcsults ind ica te  t h a t  n ra3cr t ies  
3' 

The PS a d  PB blocks I 

t This work vas supported by t h e  Jet Propulsion Laboratory, Cal i fornia  I n s t i t u t e  of 
Technology, md sgonsorcd by t h e  Nat iond Aeronwtics and Space Administration under 
Contract XAS7-100. 
* Present address: Division of  Polymer Science, Case Western Reserve University, 
Cleveliind, Ohio 44106 
+ V i s i t i n g  Senior Resenrch Fellow, Department of Chemistry, University of nfanchcster, 
Kanchester 13, Enelmd 

I 

I 
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THE SoLwIor~ PROPEPTIES OF 
t 

POLYSTYREFE - POLYBUTADIENE BLOCK COPOLVERSS 

Lechoslaw A. Utrmki* and Pobert Simhz*+ 

Department of Chernistry 

University of Southern California,  L o s  'Angcles, Cal i fornia  96007 

INTRODIJCTION 

Previously reported s tudies  oq the  so lu t ion  proper t ies  of block copolymers a r e  

almost e n t i r e l y  devoted t o  polystyrenc-polymethylmethncryl3te (SY)  copolymers i n  

various solvents .  The r e s u l t s  a r e  o f t en  contradictory.  TJhile some authors 192 

found t h a t  t h e  i n t r i n s i c  v i s c o s i t i e s  [n]  and chzin dimensions of block copolymers are 

l a r g e r  than  those of homopolyners, others?-5 made t h e  opposite observztion, Innqaki 6 

t r i e d  t o  explain t h i s  cppcrent contradiction by shovinE t h 2 t  i f  t h e  da ta  f o r  copolymers 

are grouped i n t o  two c l s s e s ,  t h e  first being f o r  scmples containing 46-62 ~rt?! of 

polystyrene (PS) and t h e  second fo r  al l  o ther  compositions, then 8 regulrtr chanqe of 

proper t ies  with change of molecular weizht within these  c lasses  i s  observed. 

h i s  observation cannot be generai ly  val id ,  s ince when it i s  applied t o  l irnit inq l o w  

contents of one of t h e  parent polymers, it gives  f a l s e  r e s u l t s .  

controversy, a l l  authors & g e e  on a very similar nodel f o r  t h e  configuration of t h e  

copolymer molecule i n  solut ion;  it possesses an overa l l  segment d i s t r i b u t i c n  similar 

t o  t h e  parent  polymer c o i l s ,  and t h e  domains of chenically d i f f e r e n t  blocks i n  t h e  c o i l  

are separated.  

However 

I n  s p i t e  of t h e  

One of t h e  most important pa rme te r s  vhich governs t h e  so lu t ion  proper t ies  of 

block 
- 
$12 

$12 - 

value 
- - 

copolymers is t h e  polymer 1 - .Polymer 2 average o r  apparent i n t e rac t ion  parimeter 

agree on a pos i t i ve  While most of them ~ 4 , 7  
5 '8 

Here w a i n  t h e  authors '  opinions vary, 

f o r  t h i s  parameter, recent ly  

0. 

a negctive value has been reported as well as 

~- 
t This work w a s  supported by t h e  Jet Propulsion Laboratory, Cal i forn ia  I n s t i t u t e  o f  
Technology, and sponsored by t h e  N a t i o n a l  Aeronautics snd Space Adxinistration under 
Contract IUS7-100. 
* Prasent address: Division of Polymer Science, Case Western Reserve University,  
?leireland, %io 44106 
+ Vis i t i ng  Senior Research Fellow, Departmcnt of  Chemistry, l lnivers i ty  of Vznchcster 
Manchester 13, Enqland. tl 
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There are a nmber of f ac to r s  responsible f o r  these  confl-zting observations and 

conclusions * A copolymer molecule ( l i nea r  and homogeneous i n  respect t o  molecular I 

weight!) i5 character ized by i ts  molecular weight (MI, composition (u) Lnd s i z e  of  

t h e  blocks. 

series of samples i n  vhich one of the parameters w i l l  be cocstant.  

only theory 

Fixman's 

parameters P O .  Unfortunately f3 for noncompatible polymers i s  r e l a t i v e l y  l a rge  . 

From t h e  p rac t i ca l  point of view it i s  very d i f f i c u l t  t o  prepare a l a rge  

Moreover, t he  

7 of block copolymer configuration i n  solut ions i s  a genera l iza t ion  of 

theoryg and i n  consequence it can be used only when a l l  long ranqe in t e rac t ion  
6 , io  

1 2  

The reasons f o r  starting t h i s  invest igat ion of the so lu t ion  proper t ies  of 

PS-polybutadiene (PB) block copolymers were both p r a c t i c a l  and t h e o r e t i c a l  . 
of knowledge of the  so lu t ion  propert ies  of t h i s  copolymer eliminated t h e  so lu t ion  mea-  

surements as a method of control  of i ndus t r i a l  products. Also, it w a s  qu i t e  i n t e re s t ing  

t o  inves t iga t e  a system i n  which t h e  bulky PS chains were connected with f l e x i b l e  PB 

chains of very low c o i l  density.  

i n  so lu t ions  of PS-PB block copolymers appear a$ r a t h e r  high concentration. 

i nd ica t e  t h a t  at  i n f i n i t e  d i lu t ion  t h i s  system should behave more regular ly  then EN, 

and t he  t h e o r e t i c a l  calculat ions should be more straightforward, 

The lack  

It has been reported recently'' tha t  l i q u i d  c r y s t a l s  

This would 

We were for tunate  i n  being able t o  design our s e r i e s  of  samples, taking i n t o  
t i  

account t h a t  when PB and polyisoprene a r e  copolyrxrized with PS of !4 

r e s u l t i n g  copolymers exhibi t  very good mechanical proper t ies  12y13. The YpB i n  our 

series was varied,  and of course t h e  composition and the  ao lecular  weight of t h e  

samples varied along with it. 

2 10,000, t h e  PS 

. ;. 

Toluene, dioxane and cyclohexmc were chosen as solvents.  Resgectively t h e i r  
14 

Mark-Houvink-Sakurado exponents 

3h°C, and 0.50 at 34.boC, and f o r  PB, 0.725 at  3OoC, 0.5 zt 34'C, and 0.70 2.t 20 - hoc. 
The t e a p e r a t w e  34.2OC wcs chosen fo r  311 our measurcmnts 3s  an intermediate between 

t h e  two reported a-temperztures . 

f o r  PS are reported 3s 0.72 at 30 - 40°C, 0.692 at 
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The polystyrene-polybutndicnc (SB) and t h e  polystyrene-polybutadiene-polystyrene 

(SBS) s m p l e s  were kindly synthesized for  u s  by D r .  1,. J. %ttcrs at t h e  ?a t iona l  

Bureau of Standards. 
12  The method of polymeriz3;tion has been d e s c r i k d  previouslv 

i n  detail.  

thylamine (PZA) as ant ioxidant ,  f i l t e r c d  unOer X2 pressure and p rec ip i t a t ed  by addinp, 

the so lu t ion  t o  vigorously s t i r r e d  :IeOii-"dry ice". 

The sarzples vere dissolved i n  benzene contetinine; 0.02 vt? N-Dhenyl 2-naph- 

Subsequently t h e  smplcs were 

d r i ed  for two veelrs at  room tcnipcraturc undcr hi&h vacuum. They vere  s tored  under 0 - 
high vacuum i n  darkness. 

R e q e n t  grade solvents  were purif ied fu r the r  i n  a normal :my by washing, drying 

and r e c t i f i c a t i o n  on a hich e f f ic iency  packed column. The pu r i ty  m s  checked by 

boi l inq  poin t  and r e f r a c t i v e  index values. To prevent an:r poss ib le  oxidation of t h e  

PB chain durinr: t h e  mcasurcments, PY4 vas addcd t o  all of t h e  so lvents  (0.02 w-tg), 

and M w a s  used t o  f lu sh  t h e  a i r  out and t o  move t h e  so lu t ions  i n  t h e  viscometer. 

Preliminary runs with and without PVA shoved no -difference i n  t h e  values of measured 

2 0 
quan t i t i e s .  

The [n] mcasw'ements were car r ied  out  i n  c. Ycvlett-Packard auto viscometer node1 

5901B equipped v i t h  a constant ter?pcrature ba th ,  ?rorr,rmmer and p r i n t e r .  Cannon- 

Ubbelohde d i l u t i o n  viscometcrs cal ibrated by means of N9S Standard Viscositv Oils 

were used. 

The determinations of F1 and t h e  second v i r i a l  coe f f i c i cn t  A vere made on a 

Yechrolab high speed nenbrane osmometer model 503 v i t h  ad jus tab le  t empcrature cont ro l  

n 2 

u n i t .  I n  order  t o  check t h e  PS content i n  SB and SBS szmples, UTI spec t ra  on R 

Beckman DG2A spectrophotomtcr mre  taken of t h e i r  CTTCl 

curve Tras deternincd usinq t h e  2600 A Sand. 

solut ions.  4 ca l ib ra t ion  
3 

0 

I 3 



The cha rac t e r i s t i c s  of t h c  smplcs  m e  shovn i n  Table I. The PS pmples a rc  t h e  

same as thosc measured by %Con?lickl5 and h i s  values f o r  7 7  

smaller values reported here a r e  probably due t o  t h e  lack  of permeation throuqh t h e  

membrane of t h e  low molecular weight components i n  t h e  h igh  speed, compensation type 

instrument used by us. I n  column 2 the values refer t o  the  "k ine t ic  V", i .e.,  t o  

t h e  7 4  calculated p r i o r  t o  t h e  polymerization. For SR and SI% samples T! ' s  arc shown 

f o r  each block i n  t h e  sample. 

calculated.  Column 3 shows t h e  avera.Te '' values c'dculated from independent deter-  

minations of M i n  t h r e e  solvents.  I n  column 5 t h e  ac tua l  m i g h t  percent of PS i n  t h e  

sample i s  shoim. 

Evans and Yclv i l le  

The m a x i m u n  absorption coef f ic ien t  E = 2.21 f 0.02 calculated from our ca l ib ra t ion  

curve is i n  excel lent  a3reement with the  previously reported16 values  o f  2.16 f 0.07 

and 2.20 f 0.05. !lith few exceptions t h e  agreement betmen t h e  predicted v and measured 

w values  i s  very good. F r o m  t h e  conparison of w v i t h  :.I and ?.I with T.7 values we 

conclude t h a t  t h e  polynerization ran as desired t o  produce honogeneous samFles 2.s 

far as molecular weight and chemical composition are concerned. F ina l lv ,  i n  t h e  last  

column of Table I we present t h e  molar f r ac t ions  of PS i n  t h e  sanples.  

are included. The s l iRh t ly  n 

'k 

k 

Won these values t h e  v ' s  (wtf- !  PS i n  t h e  sanple)  vere  k 

n 

n 
These values were determined b:; 2 IN method described by Rurnett, 

16 2 qnd recommended as t h c  most r e l i a b l e  technicrue f o r  t h i s  purpose . 
m a  

. 
I< 

k k n 

The resuits of osrnotic pressiire znd v iscos i ty  meeusrmmts are shown i n  Table 11. 

The [ r l ]  and t!wF:ins The ;l and A n 2 values vere  calculated from t h e  square root  plot? 

18 and Ikaemer constants k and k vcrc calculated using E previously Fublished mthod . 1 2 

Theory p red ic t s  t h a t  kl + k2 = 0.5. 

indicatinr,  cor rec t  experimental and mathemztical procedures. Us0 the  "7 values 

determined i n  t h e  th ree  solvents  show very zood reproducibi l i ty .  

i n  t h i s  case i s  l e s s  than 25. 

?he e x p e r h e n t a l  values f o r  t h i s  SUT as 0.50 f 0.92, 

I n 
The stcndard deviation 

I 
The [q] da ta  from Table I1 are shom i n  Fig. 1. Accordin< t o  t h e  S tochaye r  - 

I 
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Fixman equation 19 

# 

vhere 4 i s  Plory's universal  constant a t  0-conditions, and A and 3 are shor t  range and 

lon3 ranqe in te rac t ion  parameters respectively.  

system where [ n ] / [ q ]  - 2.0. 
Tq. (1) was found t o  hold2' i n  t h e  ~ 

0 I 
< 

S i n i l a r l y  i n  FiT. 2 t h e  A vnlucs fron Table I1 t-xe plotted accordinq t o  t h e  2 
21 equation 

I,  

I 
(2)  .42'1n = 1.65*1023 A3 + 0.968.10 23 T! 'ln 1/2 

This r e l a t i o n  has l i a i t c d  appl icabi l i ty ,  as it should not he zpplied t o  s y s t m s  

where [ri]/[r1l0 < 2.4. Pror: t h e  l a s t  two equations it i s  possible t o  calculate A and B. 

DISCUSSICM 

If the copolymer c o i l s  have a randon configuration, then cas. (1) and (2) can be 

generalized by redefining t h e  in te rac t ion  parameters. 

and t h e i r  equivalents per un i t  scKzent are 

The r e l a t ions  between A and B 

22 
where Ll is the  molecular m i q h t  of a s t a t i s t i c a l  seqncnt. Then for  randomly co i led  

oi 

copolynier A and BSB we have: SR 

!,I = ? : l  ,x + '.I (1-x) . ( 3 4  OSB OL> OB where 

- 
The parameter BSn dcfiiics t he  avcr.sgc in te rac t ions  be tmen PS and ?!3 s c y c n t s .  

I f  the overall confiqurations of the PS and 'PB blocks remain constant,  o r  if t h e  cogoly- 
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mer i s  s t a t i s t i c a l ,  

a value independent of t h e  solvent pover. 

expected t o  be d i f f e ren t  fron one solvent t o  another and R,, should v d y  accordingly. 

If ire define a new parameter B 

a l l  units are mutually ava i lab le  for in te rac t ions ,  then E,, = XBSB, where X i s  o. 

f r ac t ion  of contacts avai lable .  

not a block, or i f  t h e  sqments  a r e  not bound, t h e  BSB should have 

I n  our case configurations of t h e  block are 
- 

as the in t e rac t ion  p a r m e t e r  f o r  a system i n  which SB - 

I n  Table I11 we show t h e  values of K defined by t h e  r e l a t ion :  
0 

0 
and parameters Ai, ai, Bi and B .  for PS and PB homopolymers. They were calculated 

1 

d i r e c t l y  from t h e  da ta  of Tcblc I1 using eqs. (1) and (2 ) .  4s we s t a t e d  before,  

eq. (2)  can be applied only t o  polyner - good-solvent systems. The values of A and 

B ca lcu la ted  from eq. ( 2 )  are cons is ten t ly  l a r g e r  than those calculated from c q . ( l ) .  

This w a s  observed by other  authors as ?ell2’. 

parent polymers w e  calculated values of 

Having es tab l i shed  t h e  p a r m e t e r s  of 

f o r  each sample. In  Fig. 3 ,  t h e  points represent  these  values,  while t h e  curves are 

drawn according t o  eq. ( k ) ,  using t h e  BSB’s shown i n  t h e  last  two l i n e s  of  Table 111. 

The very good agrement between t h e  experimental results and t h e  r e s u l t s  predicted 

by eqs. (3b) and ( 4 )  ind ica te  t h a t  the fundmentai  assunptions of t h e  randomess of 

PS and PB c o i l s  and of t h e  interpenetrat ions of t h e i r  domains are correct .  

8 
In a l l  cases 

B S B ’  0. Judging fron t h e i r  high nunerical values,  t h e  f r a c t i o n  X of PS -.PB contacts  

is l a r g e ,  This too  must mean t h a t  the in te rpenet ra t ion  of domains i s  qu i t e  extensive.. 

Having establ ished t h e  values of Bsa, nov we can ca l cu la t e  t h e  theo re t i ca l  

molecular weight dependencies of  [ ri] and !I2 from eqs. (1) - ( 3 ) .  

F igs .  1 and 2 a re  computed for copolymer molecules with two “1 

The broken l i n e s  i n  

= 10,000 blocks, t h e  PS 
I chain l i n e  i n  Fig. 1 was computed for  a copolymer with one 5.1 

only. 

= 10,000 block i n  toluene 
I PS 

I The agreement between experinental  and calculated values w a i n  i s  very Eood. 



A t  present it i s  inpossible  t o  predict  i f  t h e  method applied here w i l l  be of 

general use. Even l imi t ing  ourselves t o  t h e  s m c  s y s t m ,  i . e 4 ,  SI3 and SBS i n  t h e  

inves t iga ted  solvent ,  ire cannot ansiwr t h i s  question. It should bc exgcctcd t h a t  
4 

- 
values of BSB w i l l  chanSe tri th chanSe i n  t h c  s i z e  of t h e  PS Slock. The method must 

break down i n  t h e  systems vherc intermolecular 2 rec ip i t a t ion  of 3 i c c l l a  formation 3 

occurs. 

Nevertheless, eqs. (1) - ( 3 )  c m  be used f o r  i n t c rp rc t a t ion  of s o m  W??: - solvent 
data. For instance it con be s h o ~ m  that t h e  condition for  findiiig a neqc.tivc value 

0 for t h c  polymer-polyner i a t e r s c t i o n  parmeter  xAB by Froelich 5 i s  

It i s  t o  be expected t h a t  t h i s  condition w i l l  be f u l f i l l e d  i n  t h e  systems with 

separated domains of component blocks. 

0 

The authors are indebted t o  Dr. T,. .J. F e t t e r s  f o r  t h e  synthes is  of t h e  samples 

and t o  Mrs. V. Schneider f o r  determination of t h e i r  compositions. 
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TABLE I 

Character is t ics  of polymer samples. 

PS 1 

PS 2 

PS 3 

PB 1 

PB 2 

PB 32 

PB 4 

PB .5 

PB 63 

PB 7 

SB 1 

SB 2 

SB 3 

SB 4 

SBS 1 

SBS 2 

SBS 3 

SBS 4 

SBS 5 

SBS 62 

SBS 7 

SBS 8 

78.1' 

14T1 

222l 

-20 

18 

95 

66 

39 

d 2 0  

160 

10+20 

10+65 

lO+93 

10+400 

7.5+18+7 

10+24+10 

7.5+28.6+8.8 

10+4g+10 

10+100+10 

14+62+14 

10+115+10 

10+4 50+9 

78 

137 

201 

17.8 

28.6 

33.0 

74.4 

75.6 

156 

423 

43.1 

105 

129 

625 

34.8 

44.8 

54.8 

69.8 

117 

141 

170 

517 

32.9 

17.8 

12.3 

3.59 

45.9 

45.5 

36.6 

30.1 

20.7 

40.2 

11.6 

4.05 

0.1811 

0 ~ 7 8 3  

0.1293 

0 . 1005 

0.06336 

0.1486 

0.03292 

0.01082 

Values reported by H. W. 'IcCornick, ref. 1 5  
2 Samples extracted from a p a r t i a l l y  insoluable batch of  a branched mater ia l .  
3 Crack ir, t h e  reac tor ,  Trior t o  comqletjon of t h e  m l m . t r f z n , t i o n .  19 
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TABLE I11 

Interact ion parme te r s  

Solvent Toluene Dioxane Cyclohexane 

PS PB PS PB PS PB 

0,920 

1.33 

0.684 

0 733 

4.94 

5.29 

1.45 

3.12 

3.91 

8.44 

3.76 

5.80 

1.76 

2.54 

0.830 

0.960 

3.05 

3.53 

4.87 

8.87 

0.888 

1.62 

0.920 

1.33. 

0.634 

0.733 

4.94 

5.29 

1.09 

3.06 

2.95 

8.27 

2.63 

-_-- 

Note: (TI) Parameter values calculated from [TI] data. 

(n) Parameter values calculated from A data.  2 

1.76 

2.54 

0.830 

0.960 

3-05 

3.53 

4.30 

7.31 

0.784 

1.33 

3.49 

---- 
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LEGENDS FOR FIGURES 

Fig. 1 - Molecular weight dependence of i n t r in s i c9v i scos i ty .  

the experimental da t a  f o r  hoaopolipcrs, while po in t s  represent data fo r  copolymers. 

Full lines represent 

Broken l i n e s  a re  ca lcu la ted  fron! eqs. (1) and (3) f o r  SBS in t h r e e  solvents ;  the 

chain l i n e  f o r  SB i n  toluene.  

Fig. 2 - Xolecular weight dependence o f  A*. 

homopolymers. 

73111 l i n e s  represent t h e  da t a  f o r  

Fig. 3 - The magnitudeAf3 8s a function ofmolccular f r ac t ion  of PS i n  t h e  copolymer 

molecule. Points  a r e  experimental. The l i n e s  were calculated from eq. ( 4 )  using 

'SB 
- 

shovn i n  Table 111. 
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POLYTlEl?HYZa~ETHACRYWE - POLYSTYREBE BLOCK COPOLDIERS 

IN SOLUTION* 

L. UtracBi* and R .  Simha*+ 
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ABSTRACT 
I 

A new method of calculation of the interact ion paraneters of block copolymers 

i n  solution i s  presented. 

as t h a t  i n  which a l l  long range interact ions vanish. 

propert ies  of block copolyuers, i .e*,  t h e  confomational and configurational charac- 

t e r i s t i c s  of t h e i r  chains, a re  incorporated i n  the  polymer-polyner in te rac t ion  para- 

meter. 

prine charac te r i s t ic  propert ies  of the copolymer molecule. 

The nethod i s  based on the  def in i t ion  of t h e  +condition 

Consequently a l l  the  spec i f ic  

Therefore detai led study of t h i s  parameter should a l l o w  one t o  deduce the  

This new nethod has been applied t o  t h e  i n t r i n s i c  v i scos i ty  data of poly- 

methyLrlsthacrylate - polystyrene block copolymers i n  benzene and toluene. The 

z u e r o u s  and confl ic t ing reports  on the properties of t h i s  polymer i n  solut ion 

have been interpreted by us as resul t ing fron the  differences i n  the  t a c t i c i t y  of 

po l~pe thyhe thac ry la t e  blocks. 

not vary much, t he  polymer-polymer interact ion parameter i s  independent of t he  

corqosit ion. 

For a se r i e s  of samsles i n  which t h e  t a c t i c i t v  does 
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INTRODUCTION 

The solut ion propert ies  of block copolyners have been invest igated f o r  

f i f t e e n  years. 

t r i -block copolymers of poly(methy1 methacrylate) (PN4A) and polystyrene (PS) . 
i n t e r e s t  i n  t h i s  f i e l d  arose, t he  propert ies  of these  two polymers were t h e  best 

known. 

were developed and b e t t e r  defined samples produced. 

da t a  for copolyners reported by di f fe ren t  authors are not less confusing. 

The nost frequently used copolymers f o r  t h i s  study a r e  di- o r  

'hen 

Parallel. t o  t h e  study of t he  block copolymers, new methods of synthesis  

I n  s p i t e  of t h i s ,  t h e  so lu t ion  

While Burnett e t  a1.l found tha t  t h e  c o i f  s i z e  of t h e  copolymer molecule i s  

always l a rge r  than t h a t  of e i t h e r  of t h e  homopolymers and passes through a sharp 

maximum a t  ca. 56 w t . $  of PS, t h e  data of  Krause2 and Inagaki, et al.8 ind ica te  

t h a t  t h e  s i z e  of copolymer c o i l  is smaller o r  equal t o  t h a t  of t h e  homopolymers 

and randon copolymer of equivalent nolccular weights (M). 

authors "'" found strong repuls ive forces act ing between RIMA and PS segnents, 

While nost of t h e  

7 reported t h e  e f f ec t  t o  be e i t h e r  ins igni f icant  or even opposite . 
9 Inagaki postulated t h a t  i f  i n t r i n s i c  v i scos i ty  values,  [TI], are p lo t ted  according 
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t o  t h e  S tochaye r  - Fixman equation’ , a l l  t h e  da t a  can be approxhated  by two 

s t r a i g h t  l i nes ;  one l i n e  for t h e  smplcs ’ w i t h  PS content from 46 t o  62 w t . $ ,  and 

t h e  o ther  f o r  a l l  t h e  o ther  compositions. 
a 

Both l i n e s  have lower in te rcepts  and 

higher gradients  than those of t h e  homopolyners. 

be general ly  va l id  as a l l  t h e  da ta  for samples u i t h  low content of e i t h e r  PS o r  RTlil 

should f a l l  on t h e  sauc second l i n e ,  f o r  which t h e  parameters vmy widely from t h e  

However t h i s  observation cannot - 

parameters observed f o r  t h e  respective honopolymers. 

Theoret ical  treatment of t h a  data f o r  block copolymers i s  very d i f f i c u l t  as 

even t h e  bas ic  thernodynanic parameters are not well defined. 

most f requent ly  used nethod of determining t h e  unperturbed dinensions of t h e  copolymer 

c o i l  is t o  measure the  [n] at T = 0, defined by t h e  condition A2 = 0. 

shown t h a t  f o r  block copolymers t h e  0-temperature defined i n  t h i s  manner va r i e s  

with composition’, with size of t h e  blocks’’ (while t h e  composition and t h e  molecular 

weight of t h e  s m p l e s  a r e  kept constant) ,  and with chemical nature  of t h e  solvent 

It must follow tha t  t h e  0-tenperature defined as above,even f o r  a given s e r i e s  of  

For instance,  t h e  

It has been 

12 . 

samples with constant composition or  constant block s i z e  of one polymer, must depend 

on t h e  molecular weight. 

unique, cha rac t e r i s t i c  tvnperature  f o r  a copolyner-solvent s y s t m ,  equivalent t o  

t h e  8-tempcrature of honopolymers. 

Q-temperature and 0-dinension of a copolyner c o i l .  

A2 = 0, (i.e., by t h e  condition t h a t  t h e  long range in t e rac t ions  i n  t h e  system are 

being mutually comp2nsated, w i l l  vary w i t h  T, M ,  and co?yosition, w, (vt.fs)), w i l l  

have t o  be establ ished sc~ar%tcly for  each sa-?ple at its i rd iv idua l  0-temgerature. 

Ergo, t h i s  de f in i t i on  does not permit one t o  e s t eb l i sh  a 

It nus t  ye t  be decided what w e  want t o  c a l l  t h e  

The 0-dimensions, as defined by 

On t h e  o ther  hand it i s  possible t o  def ine t h e  0-dimensions as equivalent t o  

t h e  sun of t h e  unperturbed dhensions of t h e  blocks i n  t he  pa r t i cu la r  range of  

tenperatures  and i n  t h e  solvent o f  par t icu lar  chenical nature.  While t h e  first 
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def in i t i on  dmands t h a t  t h e  net  e f fec t  of t h e  long range in t e rac t ions  is zero,  t he  

second demands t h a t  all t h e  long range in t e rac t ions  a r e  zero. 

? 

CALCULATIOPIS 

Recently13 ire applied a new nethod f o r  ca lcu la t ion  of t h e  so lu t ion  parameters 

of block copolymers based on t h e  second de f in i t i on  of t h e  0-conditions and found it 

qu i t e  adequate f o r  t h e  systcm. 

method. 

L e t  us r ecap i tu l a t e  the n;-.in poin ts  of t he  

14 As a consequence of t h e  de f in i t i on  of t h e  0-condition w e  can write t h a t  

n 
i = 1,2 ,...., n * 

2 
a = 1x.a. 

COP i 1 1  

where n i s  a nmber of chenical ly  d i f f e ren t  polymer blocks i n  the smFle, x is i 

a m o l a r  f r ac t ion  of t h e  polymer i and 

2 2 and Ai I <r > /M ~i i a2 = A 5 '  i - i ' o i  

(<r2>?'2 i s  t h e  root nean square of t h e  end-to-end distanec).,while M. and ? I  

t h e  nolecular  weight of a polymer i i n  t h e  copolyaer smcle and nolecular  weight 

of t h e  s t a t i s t i c a l  segriient of i - t h  polylrer, respect ively,  

Ere 
8 1  1 o i  

Defining t h e  molecular 

weight of t h e  s t a t i s t i c a l  segnent of the copolymer molecule as follows: 

n 
0 cop . M 

i 

we can ca lcu la te  t h e  short  range in te rac t ion  pa rme te r ,  A 

i n  a manner similar t o  t h a t  used for homopolymers; 

for copolper  molecules cog ' 

2 = a  b2 
cop cop'Mo cop A (3 )  

\ 

The ebove t rea tnent  descr ibes  the solut ion proper t ies  of a copolyner i n  t h e  

absence of any long range in te rac t ions ,  both solvent-polper  type and polper-polymer 
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type. 

e f f ec t  must be taken i n t o  account. 

This s i t ua t ion  is not l i k e l y  t o  be found i n  p rac t i ce  and t h e  long range 

Let us define the  long range interact ion barameter f o r  copolymer! i n  so lu t ion  

i n  terms of pairwise in te rac t ions  only as 

B being t h e  long range in te rac t ion  p a r m e t e r  between a statis- 2 
i where Bi E BiMoi, 

t i c a l  segment of polymer i and t h e  solvent. 

e f f e c t s  of mutual polymer-polymer interact ions;  

The magnitude A$ encompasses a l l  t h e  

n 

i 
A$ f 21Bijxixj i , j  = 1,2,..*.,n (4b) 

As long as we do not demand tha t  8 = constant,  t h e  above treatment can be i d  
applied t o  any solvent-polymer system. The proper t ies  and cha rac t c r i s t i c s  of the 

system w i l l  be r e f l ec t ed  i n  t h e  nature and magnitude of  t h e  8 

equations a r e  ve l id  f o r  polymer mixtures i n  so lu t ion  as w e l l  as f o r  solut ions of  

ccpolyners of d i f f e ren t  types. 

two main fac tors ;  on t h e  magnitude of t h e  in te rac t ion  parameter $* 

s t a t i s t i c a l  segments of polyner i and polymer j i n  an ideal contact ,  and on 

the  f roc t ion  of t he  number of such contacts occurring i n  t h e  invest igated system 

's. The above 

It is c lea r  t h a t  t h e  parameter 8 w i l l  depend on 
ij 

between i so lz ted  
i j  

opposed t o  the  number of  a l l  possible contacts,  X i.e., 13 ' 

It m u s t  be fu r the r  exaected t h a t  both paraneters X 

system t o  mother .  

and B* w i l l  vary from one 
i j  id 

The d i f f e ren t  geometry of  t h e  polymer molecule should be 

r e f l ec t ed  i n  t h e  changes of X i J ,  while  t h e  temperature and t h e  chemical nature of 
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solvent and polymer blocks w i l l  be responsible mainly fo r  changes of 

only if t h e  geometry of t h e  polymer c o i l  is independent of composition xis should 

t h e  X 

B* should be expected. 
iil 

should expect a di f fe ren t  dependence of X 

Moreover, d 

* 
be constant, I n  the case of block copolymers t h e  changes i n  X and i n  

13 13 
Changing from one copolymer-solvent system t o  another, one 

= X ( x .  ); i f  t h e  blocks are randomly 
i d  Lj 

9 
coi led and the  donains of blocks of  d i f fe ren t  chemical nature are sepesated 2,798 

then t h e  function w i l l  d i f f e r  from that  fo r  t h e  system i n  which in t e rna l  prec ip i t8 t ion  

at sone xi occurs 2y12. Only i n  t h e  case where. t h e  domains are randonly packed and 

ij ' interpenetrated can t h e  13 be expected t o  be independent of x i d  
The above method may be compared t o  the  one prolsosed by Woelich and Benoit 5 

(F.-B.). Their result fo r  random copolymer is  similar t o  ea_. ( 4 ) .  For t h e  block 

and graft copolymers the  X = X ( x .  can be evaluated from t h e i r  proper equc?tions. is 4 
There a r e  two important differences between the ' two methods. 

calculat ions on t h e  theo re t i ca l  calculations of Fixman15, vhich are va l id  only f o r  

t h e  near O-conditions, i .e . ,  only vhen 8 and 

above method does not requiresuch dras t ic  conditions t o  be obeyed, and secondly 

F,-B, assume parabolic dependence of t h e  r a t i o  B/A 

F.=B. base t h e i r  

are close t o  zero, whereas t h e  
i i 3  

3 on t h e  composition, whereas w e  

use d i f f e ren t  dependences for  short and long range in te rac t ion  parameters. 

Knowing the  molecular weight o f t h e  copolymer sample, i t s  conposition and i t s  

parameters of in te rac t ions  we can calculate  any of i t s  solut ion properties.  

limit' ourself  t o  t h e  czse of solvent-polyner 1 - polymer 2 we would need only one 

If we 

6 

usual ly  avai lzble  i n  t h e  l i t e r a t u r e ) ,  

in te rac t ion  pa rme te r  besides those f o r  the  homoyolymers (such parameters a r e  12 
I n  any case we w i l l  need a r e l a t ion  between 

t h e  desired property and t h e  interact ion parameters va l id  i n  t h e  proper r n w e  of 

conditions. Let  us narrow our in te res t  fur ther  t o  t h e  i n t r i n s i c  v i scos i t i e s  [n] 

of block copolyners. 
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16 1 0  It has been shown t h a t  t h e  Stoclanayer-Pixman r e l a t i o n  

[n1/Ffl/2 = @ (A3 f 0.51 B ?I 1/2)  
0 

21 (where a. =: 2 . ~ i . 1 0  i s  the  Flory constant i n  +conditions and ,n1 is  i n  d l /g)  can 

be used fo r  t h e  calculat ion of A and B i n  systems i n  which [n]/ [q]  

eq, ( 5 )  combined with r e l a t ions  (1 )  - (4)  should allow us t o  ca l cu la t e  B12 from t h e  

[n] of a coDolyrner of known molecular weight and chenical composition. 

it should be possible t o  study t h e  nature and mag i tude  of t h i s  p a r m e t e r  as a 

function of composition and block s t ruc ture  of t h e  copolymer molecule, 

nmcrws. data  a r e  ava i lab le  fo r  t he  block copolymer of PS and m w e  w i l l  l i m i t  

our comsutation t o  t h i s  polymer only. 

d 2.8. If so, 8 

f i r t h e m o r e ,  

As t h e  most 0 

RESULTS 

In Table I we present the  [nl's for PM - PS (pis) and f o r  FWIA - PS - 
. 

(MSM) di- and tri- block copolymers i n  toluene and benzene at 25OC and 3OoC as 

reported i n  t h e  l i t e r a t u r e .  

l i s t e d  f o r  each smple. 

shown i n  Fig. 1. The values of B 

t h e  values of H and w shown i n  Table I and t h e  values of t h e  in t e rac t ion  parameters 

l i s t e d  i n  TEble 11. These were calculated from the  data reprted fo r  a t a c t i c  homo- 

polymers i n  t h e  indicated solvent and temperature. 

and toluene was found t o  be t h e  sane within t h e  range of experimental error .  

-2 - 
I n  t h e  s i x t h  co lmn  t h e  values of  BsM E BsrfV0 s;.I are 

on composition (w i n  wt.% of  PS) is The dependence of B 

si 
SM 

's were calculated fron eqs. (1)  - ( 5 )  using 

8 
The S g a r m e t e r  f o r  FS i n  benzene S 

In  t h e  last l i n e  of Table I the  BsN for t h e  random copolymer of PS and FVH!! 

i n  butanone at 30°C is shown. 

eq. ( 5 )  and then t h e  A and B 

The in te rcept  value KO E O0!? = 8.4.10 

In t h i s  case t h e  [ V I ' S  were rep lo t ted  according t o  

were calculated from t h e  in te rcept  and t h e  slope. 
COP COP 

-4 agrees well  with t h e  value conputed d i r e c t l y  a 
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-4 f ron A's f o r  homopolymers (K = 8.5.10 ). The B enabled us  t o  ca l cu la t e  t he  
0 COP 

Bsrl shown i n  Table I and i n  Fig. 1; the l i m i t s  Here calculated assuming Flw/rdn = 1 fcr 

the  lower l i m i t ,  and ?4w/wn = 1.2 f o r  t h e  uyper. 

f o r  r e f .  2 samples) molecular weights are given as btn, t h e  upper value r a the r  should 

be taken i n t o  account i n  fu r the r  considerations. 

Because i n  a11 other 'cases (except 

DISCUSSION 

. .  i~ rm.  ODSerVatlOn o r  ?ne data i n  Fig. I, we see tnat no regular  chenge of 

with conposition can be observed. More de t a i l ed  comparisons of B and s i z e  of BSM SM 

t h e  block and/or type of copolyner (MS VS. MS.1) ind ica te  t h a t  these  parameters a l s o  

do not determine t h e  va r i a t ion  of BStI. 

introduce any f ac to r  which can be responsible f o r  t h i s  behavior. 

explanation must l i e  i n  t h e  difference of methods fo r  determination of  t he  [ d ' s  

and Mn's and/or i n  t h e  differences i n  t h e  propert ies  of t h e  samples, o ther  than 

those previously discussed. 

t h a t  t h e  range of va r i a t ion  of BSM is l a rge r  than can be a t t r i b u t e d  t o  t h e  usual 

experimental e r ro r s  i n  [ T ) ]  and M. 

S h i l a r l y  t h e  nethod of  computztion does not 

The only possible  

Judging f ron  t h e  data i n  Fig. 1, we must conclude 

Differences i n  t h e  propert ies  of t h e  samples may be of two types;  molecular 

Even though sharp f r ac t ions  were used i n  all weight d i s t r ibu t ion  and t a c t i c i t y .  

From 

t h e  

difference i n  B 

f ac to r  cannot explain t h e  large var ia t ion  i n  BsBf. 

introduced by a change i n  heterogeneity of  20%. Again th,s SM 

To examine t h e  last  possible  source of t h e  differences,  namely t h e  t a c t i c i t y ,  

l e t  us look more closely i n t o  t h e  mechanism of polymerization of t h e  invest igated 

samples. These are summarized i n  Table 111. It i s  w e l l  known t h a t  PS polymerized 

cases,  3 difference i n  heterogeneity of  t h e  order of 20% could be observed, 

t h e  s i z e  of t h e  nark i n  Fig. 1 f o r  random copolymer i n  butanone, we can see 

33 , 
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by r a d i c a l  and/or anionic so lu t ion  methods has an a t a c t i c  s t ruc tu re .  

hand t h e  t a c t i c i t y  of R4344 st rongly depends on t h e  method of polyneri,zation and here  

lies t h e  probable explanation. 

On the o ther  

The r a d i c a l  polymerization of methylmethacrylate ( W A )  at  room o r  at higher 

temperatures leads t o  a product containing ca. 5% iso- ( i) ,  38% hetero- ( h )  and 

57% syndio- (s) t a c t i c  

merization i s  i n i t i a t e d  by potassiun, 

S i m i l a r  results are obtained i f  an anionic poly- 

I n  f a c t  t h e  polynerizat ion of T f k  at 3OoC 

i n i t i a t e d  by K - naphthalene i n  THF has been recormended as t h e  method of prepara- 

t i o n  of a " t ru ly  a t ac t i c "  FY?-W24, characterized by an IR index of J = 70 and 

coRposition of i = 23$, h = 47% and s = 305. The sane authors report  t h a t  t h e  

polymerization at low temperature (-78OC) under these  conditionsgives products 

character ized by J = 71, which indicates  a s l i g h t  increase i n  t h e  content of syndio- 

t a c t i c  isoner .  If so, the sanples invest igzted by Dondos, e t  al. and by Froel ich 

should have a t a c t i c i t y  similar t o  the r ad ica l ly  polymerized samples of Burnett 

e t  ale1 

these r a d i c a l  and anionic samples should have s imi l a r  values. This indeed i s  

observed i n  Fig, 1. t o  1.74 *lo- , 
$.e., i n  t h e  l i m i t  qu i te  accegtable i n  view of d i f fe rences  i n  s t ruc tu re ,  solvents ,  

h e t e r o q x e i t y  of copolymer saqgles, and o ther  f ac to r s ,  

6 7 

8 and t o  those of Inagaki, et a l ,  I n  e f f e c t ,  t h e  BShl's calculzted f o r  

27 The BSY f o r  these samples vary from 0.87 

Two samples, #2 and i!3 

i n  Tzble I, exhib i t  d i f f e r e n t  propert ies  not only from those  of t h e  other  "a tac t ic"  

samples but also fron s m p l e  #1 of the same authors.  Xe samples #2 and #3 are a 

f r a c t i o n  of one batch of polymer, vhi le  sample #1 i s  a f r a c t i o n  from another, one 

can only suspect t h a t  these  two batches were golynerizcd i n  a d i f f e ren t  manner and 

t h e  polypers have d i f f e r e n t  s t ruc tures  . 
From Fig. 1 we see tha t  Krause's2 data lead t o  very low values of B cons is ten t  S J l  

within t h e  group. 

t h e  conditions at which her samples were polymerized, contains la rge  amounts of 

It i s  known fron the  earlier work25 t h a t  PtOlA, formed under 

0 
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t a c t i c  mater ia l  (J = 90) and t h a t  the  s i z e  of t he  syndiotactic blocks is  l a rge  as 

indicated by t h e  high value of the  &el melting point G = 49OC. If SO it i s  t o  be 

expected t h a t  under the  conditions of thernodynmic equilibrium, J?WA blocks w i l l  

tend t o  agsregate 

formation which occurs a f t e r  30 ninutes of copolyyracrization of these  samples. 

t 

26 . This s ta tenent  can be fur ther  s u q o r t e d  by reportede5 ge l  

If 

0 

t h e  aggregation between copolymer molecules i s  va l id ,  then t h e  value of  "Iw deter- 

mined by t h e  l i g h t  sca t te r ing  method nust be heavily weiahted by t h e  s i z e  of t h e  

aggregates. On the  other hand i f  the aggregates have only an intramolecular 

charzcter ,  M w i l l  r c m i n  unchmpd,  vh i l e  t he  c o i l  volume should d h i n i s h .  

both e f f ec t s  are present,  as [q]'s =e mailer than they should be f o r  t h e  es tab l i shed  

Probably 
W 

and as t h e  net  r e s u l t  the BST4's calculated fo r  these  samples are much lower than 
Mw9 

f o r  t h e  others.  

F ina l ly  l e t  us examine the  results calculated fron t h e  da ta  of Urwin and 

3 Stearnc . Their very carefu l ly  prepared samples were polymerized anionicly.  The 

polynerization of WIA i n  THF at  -78Oc w a s  i n i t i a t e d  by l i v ing  PS. Prom the  condi- 
0 

t i ons  spec i f ied  by t h e  authors one should expect ' the  PMA block t o  be hixhly 

syndiotact ic  

culated e i t h e r  f o r  "atact ic"  szqples o r  f o r  t h e  saqples i n  which aggregation occurs. 

24 , and t h e  BSy f o r  these samgles should be d i f f e ren t  from those c d -  

On t h e  bas i s  of t he  above analysis we conclude t h a t  t h e  differences i n  t h e  

behavior of d i f fe ren t  saqples of MS and/or MSM can be j u s t i f i e d  as induced by the  

va r i a t ion  of t h e  t a c t i c i t y  of PMW blocks. The in t e rna l  p rec ip i t a t ion  within t h e  

polyner c o i l  obeewed by Krause' can be exDlained as t h e  e f f ec t  of intra-.,olecular 

a g g r e g a t i ~ n ' ~  of syndio- and iso- tact ic  p a r t s  of P T P Q  blocks, not as an e f f ec t  of 

PS-PMMA in te rac t ion .  

da t a  a r e  probably caused by hiqhly syndiotactic J%4A blocks. 

and long range para ie te rs  f o r  syndio and a t a c t i c  PhPV: i n  solut ion do not d i f f e r  much 

t h e  high values of Bs4 must r e f l e c t  t he  t r u e  in te rac t ions  between PS and FTV, s q -  

The high values of BSF4 calculated from t h e  IJrwin and Stearne 

-4s t h e  short  range 

28 , 

c 



-10- 

ments, which a re  apparently nuch stronger for  syndio PYYA than iso- and i n  e f f ec t  

a t a c t i c  m4A. 

and more t i g h t l y  co i led  (s2 helix) than t h e  syndiotact ic  ( l o4  h e l i x ) ,  

conformational and configurational reasons, t h e  number of contacts  between PS and 

i-PXNA must be s n a l l e r  than f o r  PS and s-PWA, o r  smaller fo r  PS and atactic-PMW 

than f o r  PS and s-P?4M.A. 

than i n  t h e  second, vhich i n  f a c t  has been observed. 

This should be expected; t h e  i s o t a c t i c  PWlA chain i s  mpch s t i f f e r  

From t h e  

It follows t h a t  Rsl should be smaller i n  t h e  f i r s t  case 

The value of Bsl = L Z * ~ O ' ~ ~  (cn 3 ) calcuiated fo r  random copolymer i n  butanone 

fa l ls  very close t o  t h e  BSM values calculated f o r  t h e  block coDolytner with "atact ic"  

MIA segnents. 

what t h e  solvent e f f ec t  on Bs4 is and how polymer-polymer in te rac t ions  i n  random 

and block copolypers a r e  r e l a t ed  t o  one another. 

PS-RDLZ 

copolymer samples. 

This i n t e re s t ing  fact  cannot be weighted heavily as  we do not know 

One can expect t h a t  random c o w l p e r  

should have l a g e r  BS4's than those calculated f o r  PS - h-PVA block 
I 

We note t h a t  the B W 1 s  f o r  randoll and f o r  block PS - "atact ic"  

MIA copolymers are comparable i n  magnitude, 

syndiotact ic  character  of t h e  "atact ic"  ?WU blocks, vhich increases t h e  values of BSil 

f o r  block copolymers ( see  t h e  reported compositions f o r  correspondins phP?A's qiven 

above). 

in te rac t ions  a r e  la rge  ( Bs,4 = 3*10'24), being comparable i n  macnitude t o  the  

polymer - good solvent in te rac t ions .  

polymer-.oolymer in te rac t ion  i s  large and t h a t  t h e  domains of chemically homo- 

geneous pa r t s  of t h e  block coyolymer a r e  w e l l  in tergenetrated by one another, 

This may be due t o  the  p a r t i a l  

The important f ac t  i s  t h a t  i n  both cases the  in t e r semen ta l  PS-?\FA 
?, 

T h i s  must ind ica te  t h a t  t h e  entropic  e f f ec t  of  

If w e  accept t h a t  t h e  var ia t ion  of B i s  a i n l v  due t o  t h e  va r i a t ion  of the  9 1  

t a c t i c i t y  of t h e  RPU segnent, then any meaningful conclusion r e l a t ing  t o  BS.*'s 

dependence on w can be reached only i f  one considers a s e r i e s  of samples i n  vhich 

t h e  t a c t i c i t y  of t h e  segnents is constant. From t h e  presented da ta  we see 

t h a t  i n  t h i s  case BsI remains independent of w as well as of  block s i z e  
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and/or type of block copolymer within experimental e r ro r ,  

sidered as an indicat ion of t h e  absence of any present ly  detectable  dpmains and/or 

T h i s  again can be con- 

, s t ruc tures  i n  t h e  cogolymer molecules. 

The same conclusions have been reached previously13 f o r  PS - polybutadiene - PS 
(SBS) block copolymer i n  t h ree  solvents. 

of t he  Shel l  Chemical Co., Torrance, Cal i fornia ,  we received da ta  on the  measurement 

of [n ] ' s  i n  toluene a t  30°C f o r  a ser ies  of SBS samples i n  which Y vas kept constant 

Recently, through the  courtesy of D r .  Keelen 

while t he  compositions var ied from 13 t o  80 1i.5 of PS. 

be constant. 

Here too  was found t o  

The [ql's calculated f r o m  cqs. (1) - ( 5 )  f o r  t h i s  s e r i e s  aqreed with 

SB 

t h e  experimental da ta  within *2$. 

The'results and discussion presented i n  t h i s  paper a r e  of very p re l imharp  

nature. Much more information on well characterized sanples i s  needed before any 

general  conclusions can be reached, The de ta i led  study .lust show a var ia t ion  of 

with composition, with t h e  nature of the  solvent,  with t he  size of  the  blocks a Bsl 

and with other  parzTeters as w e l l .  

(or  Bsra) t o  t h e  conformation and configuration o f  t h e  polymer and t o  the  absolute 

magnitude of t h e  in te rac t ion  forces ,  

Ultimately one should be ab le  t o  r e l a t e  Bsx, 

A t  t h e  present t h e  it seems f a i r  t o  s t a t e  

t h a t  t h e  proposed method of calculat ion of  t h e  solut ion data  of block c o d o l p e r s  

with f3 

t h e  constancy of  t h e  in te rac t ion  parmeter  should be carefu l ly  checked, 

= constant csn be used . r i th  good success i n  many cases, For each system i d  

3 7  
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Fig. 1 - Lon2 range in te rac t ion  parameter B vs, PS content. Data from Table I, 

For d e t a i l s  see t e x t .  
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TABLE I 

The i n t r i n s i c  viscosities of lilS and V S 4  copolymers. 

103[ ,,I -10~7 (cn3) Iief. 
W Solvent NO. FI 

( w t . %  of PSI and Temp. n 
I 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

11 

12 

13 
14 
15 
16 

17 
18 

19 
20 - 

229 

259 

316 
368" 

690" 

2960" 

1150" 

187 

225 

302 

390 . 

400 

603 

345 
36 
37.4 
36 
317 

509 

530 - - -  

64 I 1.73 
56 I 2.83 

50 I 2.54 

72 I1 0.93 
79 I1 1 .I26 

60 11 1.56 

25 I1 0.81 

48 I 2.05 

62 I 2.18 

70 I 2.32 

85 I 2.40 

65 I11 2.11 

52 I11 1.97 

5 1  I11 2a.03 

46 I 1 ..09 

46 I 1.09 

50 I 1.62 

43 I 2.05 
48 I 2.11 

' 3 1  I 1.05 

- - - - - - - - - - -  

1.40 

4.38 
3.21 

-1.45 

-1.26 

-0.18 

-1.19 

2.91 

2.87 

2.80 

3.16 

1.71 

1.08 

1.83 

0.85 
0,89 
0.85 
0.97 
1.50 

1.50 
- . - -  

21 Random copoly- 46.4 Butanone, 3OoC (12 sanples) 0.95 - 1.20 
mer* 

la 
1" 

13 
2 

2 

2 

2 

3 
3 
3 
3 
6' 
6" 
7a 

a 
8 

12 

12 

12 

12 

4 
- -  

* Mw, calculated fron l i s h t  sca t te r ing .  

I - Toluene, 25.OoC; 

8 !IS copolyners ( the  others  XS"I t n e ) .  

I1 - Toluene, 3OOC; I11 - Benzene, 30OC. 



-1 5- 

TABLE I1 

The short and long range in te rac t ion  parameters 

for PS and RTIA i n  solution. t 

No. Polymer Solvent Temp, ("C) A 6) Bm1027 (an3)  Ref. 

1 PS Toluene 25 0.70 1.05 17 

2 m.lA Toluene 25 0.64 0.68 

3 PS Benzene 30 0.70 1.05 
. 18 

17 

4 FmIA Benzene 30 0.64 0.91 19 

5 PS But anone 22 0.70 0.17 20 

6 m4A But anone 25 0.64 0.48 21 
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